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Abstract – An increase of the magnetic moment in superconductor/ferromagnet (S/F) bilayers
V(40nm)/F [F=Fe(1,3nm), Co(3nm), Ni(3nm)] was observed using SQUID magnetometry upon
cooling below the superconducting transition temperature TC in magnetic fields of 10 Oe to 50 Oe
applied parallel to the sample surface. A similar increase, often called the paramagnetic Meissner
effect (PME), was observed before in various superconductors and superconductor/ferromagnet
systems. To explain the PME effect in the presented S/F bilayers a model based on a row of vortices
located at the S/F interface is proposed. According to the model the magnetic moment induced
below TC consists of the paramagnetic contribution of the vortex cores and the diamagnetic
contribution of the vortex-free region of the S layer. Since the thickness of the S layer is found to
be 3-4 times less than the magnetic field penetration depth, this latter diamagnetic contribution
is negligible. The model correctly accounts for the sign, the approximate magnitude and the field
dependence of the paramagnetic and the Meissner contributions of the induced magnetic moment
upon passing the superconducting transition of a ferromagnet/superconductor bilayer.
The paramagnetic Meissner effect (PME), i.e. the ap-
pearance of a positive (rather than a negative) moment
below the superconducting transition temperature TC was
first observed in high-TC superconductors (HTSC) cooled
in small fields (less than ∼ 5 Oe) and initially was ex-
plained by peculiarities of the d-wave electron coupling in
those systems. Later, however, PME was observed in con-
ventional superconductors, like Al or Nb, which required
a less exotic explanation (see review [1] on the PME in
bulk superconductors). One of such explanations is based
on flux trapping below TC with further compression upon
cooling [2, 3].
A similar effect, the increase of magnetic moment, was
also observed recently in superconductor/ ferromagnet
heterostructures (S/F) of different compositions [4–10]
with both HTSC and conventional superconductors. For
the explanation of the PME in S/F structures different
models based on electrodynamical or exchange coupling
mechanisms were proposed. In the former case the pres-
ence of the stray field produced by the F layer and the
response of the superconductor to this field is usually con-
sidered [7–9]. The second model requires the presence of
exchange coupled electrons on the S/F interface [4, 5, 10]
due to the proximity effect. At the moment there is no
unanimous opinion regarding the nature of the PME in
S/F structures.
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In our previous studies an increase of the magnetic
moment was observed in a S/F bilayer consisting of
V(40nm)/Fe(1nm) layers measured with SQUID and po-
larized neutron reflectometry (PNR) [11,12]. Comprehen-
sive analysis of the neutron and SQUID data showed the
appearance of an additional positive magnetic moment on
the S layer side of the S/F interface. The 7 nm thick-
ness of this magnetic sublayer is comparable with the su-
perconducting coherence length ξS = 9 nm derived from
transport measurements. In order to explore the possible
dependence of the PME on the magnetic exchange field
and the layer thickness, a series of samples were subse-
quently prepared with different F layers in contact with
the same S layer. The samples were prepared by UHV
electron gun evaporation in the MBE laboratory of the
Wigner Research Centre for Physics, Hungary. The nom-
inal composition of the samples were MgO(100)/F/V(40
nm)/Cu(31nm)/Au(5nm). For the F layer Ni, Fe and Co
were used respectively. In the following, samples will be
noted as Fx, where F = Fe, Co, Ni and x is the thick-
ness of the F layer in nanometers. The Cu layer was de-
posited onto the S/F bilayer to form a neutron waveguide
structure with the MgO substrate to enhance the preci-
sion of the PNR measurements [13]. The Au capping layer
was used to prevent oxidation. The MgO (100) substrates
were cleaned before deposition by rinsing in isopropanol
in an ultrasonic bath and annealing at 600◦C for 30 min-
utes in UHV. The maximum base pressure was less than
4.2 × 10−10 mbar which did not increase above 6 × 10−9
mbar during the evaporation. All layers were deposited
at room temperature, except for the F layers which were
deposited at 300◦C. The deposition rates were 0.05, 0.2,
0.15 and 0.26 A˚/s for the F, V, Cu and Au layers, respec-
tively. Two samples were prepared simultaneously with
the same nominal composition: one for PNR measure-
ments (on 20× 20× 2 mm2 substrate) and one for SQUID
and transport measurements (on 5×5×2 mm2 substrate).
The structural and magnetic characterization of the
samples was performed by PNR. Some of the samples
were measured on the GINA angle dispersive reflectome-
ter (Budapest Neutron Center) [14] at room temperature.
These measurements were complemented later with low-
temperature experiments at the NREX [15], SuperAdam
[16] and V6 [17] reflectometers. Additionally, the mag-
netic properties were measured using the SQUID magne-
tometer in the Max-Planck Institute for Solid State Re-
search, Stuttgart, Germany. A typical reflectivity curve,
measured at the NREX reflectometer on the Ni3 sample at
T = 5K in a magnetic field of H = 4.5kOe is shown in Fig.
1a. The curve is characterized by oscillations originating
from the interference of neutron waves reflected from the
different interfaces of the multilayer structure. The pres-
ence of a magnetic moment in the sample is indicated by
the shift of the reflectivity of spin-up and spin-down po-
larized neutron beams (R+ and R− curves in the figure).
The experimental curves were fitted to a layer model vary-
ing the thickness and the nuclear scattering length den-
sity (SLD) of the layers and the F layer magnetization.
Parameters corresponding to the minimum χ2 were used
to reconstruct the SLD and magnetization depth profiles
(see inset in Fig. 1a). According to the fit, the S and F
layer thickness, dS and dF , are within 10% of the nomi-
nal values. The S/F interface is characterized by an rms
roughness of δSF = 0.8 nm. The nuclear SLD of the V
and Ni layers were found to be close to the literature val-
ues. The magnetic profile of the structure is shown by
red in the inset of Fig.1a. Above the TC of vanadium
only the Ni layer showed a magnetic response with a mag-
netization of M = 4.5kG. This value is 92% of the bulk
nickel saturation magnetization and is in agreement with
the saturation moment measured by SQUID at 10K (Fig.
1b). The samples Fe3, Co3 and Fe1 were measured and
analyzed in similar way (Table 1). As shown in Table 1
the measured samples are characterized by S/F interfaces
with 0 < δSF < 1nm. The saturation magnetizations of
the samples with dF = 3nm are close to the bulk values
(92%, 98% and 100% for Ni3, Co3 and Fe3). The satura-
tion magnetization of Fe1 is 20% reduced as compared to
the bulk, which may be explained by the reduced dimen-
sionality.
The superconducting parameters of the S layers were
determined using standard four-point DC electrical resis-
tivity measurements with the magnetic field applied par-
allel to the sample surface. A series of temperature and
magnetic field scans allowed us to determine the critical
temperature TC and the upper critical fieldHC2. The tem-
perature dependence of the upper critical field HC2(T ) of
the 3 nm samples is shown in Fig.2a.
For a 2D thin film with the magnetic field applied par-
allel to the sample surface the temperature dependence of
HC2(T ) can be written as [18],
HC2(T ) =
Φ0
2piξGL(0)
√
12
dS
√
1− T
TC
, (1)
where Φ0 is the flux quantum, ξGL is the Ginzburg-Landau
correlation length related to Pippard’s correlation length,
ξS , by ξS = 0.6ξGL(0), and TC is the critical tempera-
ture in zero magnetic field. The fit of the curve HC2(T )
using this expression and the values of dS measured by
PNR allowed us to obtain the values of TC and ξS for
all samples. These values are presented in Table 1. Both
the transition temperatures and the correlation lengths
are close to the values previously reported in the litera-
ture [19, 20]. The magnetic field penetration depth λ(0),
presented in Table 1, was estimated from the expression
HC2(0) ≈ 5Hbulkλ(0)/dS [21], where the critical field for
bulk vanadium is Hbulk = 1.4 kOe. From Table 1 it
can be concluded that the samples belong to the type II
superconductor family with Ginzburg-Landau parameter
κ = λ/ξS ∼ 10. Knowing ξS , the electron mean free path
lS in the S layer may be estimated using the expression
ξS = (lSξBCS/3.4)
1/2 where ξBCS = 44nm is the super-
conducting correlation length for the bulk vanadium. The
p-2
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Fig. 1: (a) Experimental (dots) and calculated (lines) neutron-polarized reflectivity curves for the Ni3 sample measured at T
= 5K and in H = 4.5kG. The corresponding model of the nuclear SLD and magnetic induction depth profiles is depicted in the
inset. (b) Magnetic hysteresis loops measured at T = 10K on the same sample.
Table 1: Structural, magnetic and superconducting parameters of the investigated samples. Here dF and dS are the thicknesses
of the F and S layer, Msat is the saturation magnetization at low temperatures, δSF is the rms roughness of the S/F interface,
TC(0) and HC2(0) are the critical temperature and magnetic field, ξS and λ(0) are the superconducting correlation length and
the magnetic penetration length. The entry ”n/m” corresponds to a value not measured.
ID dF , nm Msat, kG δSF , nm dS , nm TC(0), K HC2(0), kOe ξS , nm λ(0), nm
Fe1 1.1 17.5 0.6 40.2 3.5 n/m n/m n/m
Fe3 3.9 21.6 0.5 42.6 3.4 17.4 9.3 105.9
Co3 3.5 17.7 0.7 36.1 3.3 24.0 7.9 123.8
Ni3 4.1 5.7 0.8 41.2 3.5 24.0 6.9 141.3
resulting lS is of the order of 10 nm which indicates that
the samples are closer to the diffusive limit (lS ≪ ξBCS).
The TC(dF ) dependence in Fig. 2b shows that the tran-
sition temperatures of the S/F bilayers are 10-20% sup-
pressed compared to TC = 4K of the sample with simi-
lar dS = 40 nm and dF = 0. Such suppression is nor-
mally explained by the proximity effect, i.e. the leakage of
Cooper pairs from a superconducting to a ferromagnetic
layer. The experimental data were compared to a model
based on the solution of the quasiclassical Usadel equation
in the diffusive limit [22]. The solid curve depicted in Fig.
2b was obtained for parameters Eex = 800 K, γ = 1.2 and
γB = 0.24, where Eex is the exchange field in the F layer,
the dimensionless parameter γ = ξSσF /ξFσS determines
the strength of the suppression of the superconductivity
in the S layer near the interface compared to the bulk, and
the dimensionless parameter γB = RTσF /ξF describes the
effect of the interface barrier. Here σF,S are the normal
state conductivities of the F and S layers, RT is the inter-
face resistance, and ξS,F are the superconducting correla-
tion lengths in the S, F layers, correspondingly. The dS
and the ξS values were taken from the PNR and the trans-
port data, the value of the superconducting correlation
length in the ferromagnet was assumed to be ξF = 1nm,
which is a typical value for strong ferromagnets like iron,
cobalt and nickel.
The temperature dependence of the magnetic moment
in the vicinity of the superconducting transition was mea-
sured by SQUID magnetometry with the magnetic field
applied in the sample plane. The SQUID measurements
were performed as follows. At T = 10K the sample was
saturated in a magnetic field of 1-2 kOe. In the following
the field was released to zero and the sample was cooled
down to T = 2K, where the working field was applied. The
magnetic moment was measured while heating the sam-
ple to 10K (ZFC branch) and further cooling to 2K (FC
branch). The temperature dependencies measured on the
sample Fe1 at different magnetic fields are shown in Fig.
3a. The ZFC curves are characterized by the decrease of
the magnetic moment below TC due to the Meissner ef-
fect. The FC curves, on the other hand, show an increase
of the magnetic moment. The value of the induced mo-
ment ∆m ≡ m(T < TC) −m(T > TC) in the FC regime
depends linearly on the external field strength. Samples
p-3
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Fig. 2: (a) Temperature dependence of the upper critical field HC2 of the different samples. the dots are experimental data,
the lines are results of fits to Eq. (1). (b) Experimental (dots) TC(dF ) dependence. The line is the result of a model calculation
described in the text.
with dF = 3nm show similar jump in the moments (Fig.
3b). The magnitude of the jump is largest for Ni3, then
Co3 and smallest for Fe3.
Thus, the SQUID data show that all of the mea-
sured samples exhibit an increase of the magnetic mo-
ment below TC after field cooling. A similar in-
crease was observed by SQUID in our previous work on
Cu(30nm)/V(40nm)/Fe(1nm) structure [12]. There, by
complementing the SQUID data with PNR measurements,
a model was proposed where the increase of the magnetic
moment was described as a magnetic sublayer in the S
layer with a thickness of several nanometers and an in-
duced magnetization of about 1 kG parallel to the magne-
tization of the F layer (Fig. 4a). In the current study PNR
measurements performed on big pieces also show similar
features, i.e. change of the spin-flip scattering below TC
similar to [11] and shift of the spin asymmetry of non-spin-
flip scattering similar to [12]. However, the reproducibility
of the PNR data, compared to the SQUID results was very
poor. The magnetometry results were reproduced in sev-
eral runs separated by a time period of a few months. The
reason of this is not clear so far, but it may well be related
to the difference in the area dimension. Future PNR ex-
periments should be performed on the very same samples
as were used for SQUID measurements.
To explain the increase of the magnetic moment of S/F
bilayers upon passing below TC we propose the following
model. Since vanadium is a type II superconductor, vor-
tices may be present in the system. The size of a vortex
core is comparable to ξS and the magnetic induction of
the core (BC) is aligned parallel to the external field. The
magnetic induction inside a single, isolated vortex core
is BC ≈ Φ0 log(κ)/2piλ2 [21]. This estimation gives 1-2
kG for these systems, which is close to the induced mag-
netization observed previously by PNR. This allows the
interpretation that the induced layer consists of a densely
packed row of vortices in the vicinity of the S/F interface
(Fig. 4). During field cooling at temperatures just below
TC , vortices are created in the S layer. Upon further cool-
ing well below TC only a single row of vortices directly
adjacent to the S/F interface survives. Possible explana-
tions of why and how the vortices are attracted and fixed
to the S/F interface can be found in the literature. For
example, a) attraction of the vortices to the bulk super-
conductor surface discovered by Bean and Livingston [23],
b) pinning of the vortices to the S/F interface by rough-
ness (which may be supported by the correlation of the
induced moment and the roughness on the S/F interface,
see Table 1 and Fig. 3b, c) general preference of the vortex
location at the minimum of superconducting pair potential
[24], i.e. at the vicinity the S/F interface in our case (Fig.
4a). Identifying the actual origin of vortex attraction is a
subject of further studies.
Let us estimate the change of the magnetic moment ∆m
in the S/F structure below TC . The paramagnetic contri-
bution, ∆mV , originates from the vortex cores, and the
Meissner contribution, ∆mm, from the vortex-free part of
the S layer. The paramagnetic contribution can be esti-
mated as ∆mV = BCξSCV , where CV = ξS/(ξS+x) is the
linear concentration of the vortices at the S/F interface.
Here x is the distance between centers of neighboring vor-
tices (Fig. 4b). The diamagnetic Meissner contribution
can be calculated by integrating the depth profile of the
Meissner response
BM (z) = H
(
cosh(z/λ)
cosh(dS/2λ)
− 1
)
, z ∈
[
−dS
2
,
dS
2
]
. (2)
In our case λ ≫ dS and the diamagnetic contribution
is very small. For example, calculations using the exper-
imentally obtained parameters for Ni3 and H = 10 Oe
p-4
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Fig. 3: (a) Temperature dependence of the magnetic moment around TC measured on sample Fe1 in different magnetic fields
and cooling regimes (FC = field cooled, ZFC = zero filed cooled). The inset shows the field dependence of the induced magnetic
moment in the FC regime. (b) Temperature dependence of the induced magnetic moment for the samples with dF = 3nm in
FC mode in a magnetic field of H = 10 Oe.
result in a paramagnetic response that is two orders of
magnitude greater than the diamagnetic response. In or-
der to describe the experimentally observed ∆m a vor-
tex concentration of about 80% is required, although this
model neglects the interactions between the vortex cores.
Furthermore, the increase of the induced moment with the
external field (inset in Fig. 3a) may be explained by the
increase of the vortex density with increasing field.
In conclusion, an increase of the magnetic moment in
superconductor/ferromagnet (S/F) bilayers V(40nm)/F
[F=Fe(1,3nm), Co(3nm), Ni(3nm)] was observed using
SQUID magnetometry upon cooling below the supercon-
ducting transition temperature TC in magnetic fields of
10 Oe to 50 Oe applied parallel to the sample surface.
To explain this effect a model based on a vortex row lo-
cated at the S/F interface was proposed. According to
the model the magnetic moment induced below TC con-
sists of a paramagnetic contribution of the vortex cores
and a diamagnetic contribution of the vortex-free region
of the S layer. Since the thickness of the S layer was
found to be 3-4 times less than the penetration depth of
the magnetic field, this latter diamagnetic contribution is
negligible. The model correctly accounts for the sign, the
approximate magnitude and the field dependence of the
paramagnetic and Meissner contributions of the induced
magnetic moment upon passing the superconducting tran-
sition in superconductor/ ferromagnet bilayers.
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